The rapid development of spintronics has brought about the revolution of modern storage technology. 1,2 In order to break through the limit of dimensions and reduce the power dissipation, various emerging materials have been studied for possible applications in information processing and storage. [3] [4] [5] Among them, multiferroic tunneling junction (MFTJ), which is composed of two ferromagnetic electrodes separated by a nanometer-thick ferroelectric tunnel barrier, has attracted much attentions. [6] [7] [8] In MFTJ, tunnel magnetoresistance (TMR) is spin-dependent and tunnel electroresistance (TER) is modulated by the polarization of ferroelectric barrier.
The rapid development of spintronics has brought about the revolution of modern storage technology. 1, 2 In order to break through the limit of dimensions and reduce the power dissipation, various emerging materials have been studied for possible applications in information processing and storage. [3] [4] [5] Among them, multiferroic tunneling junction (MFTJ), which is composed of two ferromagnetic electrodes separated by a nanometer-thick ferroelectric tunnel barrier, has attracted much attentions. [6] [7] [8] In MFTJ, tunnel magnetoresistance (TMR) is spin-dependent and tunnel electroresistance (TER) is modulated by the polarization of ferroelectric barrier. [9] [10] [11] The simultaneous existence of TMR and TER may enable novel types of spin control in high-density and low-power-consumption non-volatile memories. 12, 13 For example, it has been proposed to store four states in a single MFTJ memory cell, therefore quaternary information is encoded by both ferromagnetic and ferroelectric orders and the non-destructive information can be read by resistance measurements, 6, 7 which shall largely increase the information storage density. 9, 14, 15 Meanwhile, the interfacial coupling between ferroelectric barrier and ferromagnetic electrodes in MFTJ plays a critical role in TMR and TER. [15] [16] [17] [18] Hence, a lot of studies have been concentrated in the interactions in the vicinity of interface such as lattice strain, screening charge, orbital hybridization and so on. [19] [20] [21] [22] [23] [24] [25] All the reported manganese oxide-based MFTJs are focused on the symmetric systems in which the bottom and top electrodes use the same kind of hole-doped oxides (such as LSMO). 9, 10, 13, 14, 16, 18 The symmetric electrodes usually bring symmetric interfacial formation and electrical behaviors. 16, 18 In a doped manganate oxide RE1-xAExMnO3 (RE: rare-earth ion, AE: alkaline-earth ion) with perovskite structure, the A-site doping type and level play a decisive role in its electrical, magnetic and structural properties. [26] [27] [28] [29] For example, the parent compound LaMnO3 doped with divalent or quadrivalent cations exhibit a rich variety of phenomena including different electrical transport and magnetic properties associated with different carrier types. 26, 27, [30] [31] [32] We expect both the opposite carriers from differently doped electrodes and the switchable ferroelectric barrier can influence the coupling between TMR and TER effects. In the present study, half-metallic oxide La0.7Sr0.3MnO3 (LSMO) with a nominal spin polarization of ~100% serves as a hole-doped p-type electrode. The electron-doped oxide La0.7Te0.3MnO3 (LTMO) serves as a n-type ferromagnetic electrode below its transition temperature (about 200 K). 33 An ultrathin ferroelectric barrier PbZr0.2Ti0.8O3
(PZT) is inserted between the two differently doped electrodes and the fabricated structure of LSMO/PZT/LTMO is an asymmetric MFTJ. The asymmetric structure shows remarkable multiple resistive states as a MFTJ device as well as a remarkable diode effect as a special p-i-n junction with an ultrathin insulator layer. The TMR, TER and diode effects are coexisting and coupling in the asymmetric MFTJ which can influence the tunneling effect and conducting behaviors. This research will be of great significance for realizing novel devices combining high-density memories and diode effect.
Results
Multiferroic tunnel junction devices. Epitaxial multiferroic multilayers of LSMO controlled by the written bias. Besides, it can be inferred that the spontaneous polarization of PZT is upwards (away from the LSMO bottom electrode) due to appropriate electrostatic boundary conditions. 24, 34, 35 The asymmetry of PFM amplitude and phase loops should be caused by the spontaneous polarization of PZT.
The reciprocal space mapping (RSM) around the asymmetric (103) reflections is shown in Figure 1d for the MFTJ multilayers. The diffraction spots from the corresponding layers and STO substrate show almost identical in-plane scattering vectors Qx, which indicates a well in-plane matching between the thin films and the substrate, and no obvious strain relaxation. 36, 37 The larger values of out-of-plane scattering vectors Qz for LSMO and LTMO are associated with the compression of the out of plane lattice constant c due to the epitaxial strain from the STO substrate. Electrical characterization. A schematic of the fabricated LSMO/PZT/LTMO (or SPT, for short) MFTJ device and electrical measurements is illustrated in Figure 4a .
The magnetic measurements in the direction parallel to film plane were carried out at 60 K before the device fabrication, as shown in Supplementary Figure 7 . The structure exhibits a wasp-waist shaped hysteresis loop consisting of two step magnetization reversal, which provides a prerequisite to realize TMR effect. 44 The electrical transport properties of the SPT MFTJ influenced by the ferroelectric polarization of PZT were investigated in the absence of magnetic field at 60 K. In Figure 4a , the I-V curves of the SPT sample show remarkable asymmetry under positive and negative bias. As a special oxide p-i-n junction, our device shows remarkable rectifying characteristics which have not been reported before in symmetric MFTJ systems. The rectification (defined as the ratio of I+0.2V/I-0.2V) is 6.52
for the upward polarized PZT and 8.14 for the downward polarized one. The different rectified transport properties influenced by the polarization of PZT are due to the enhanced or weakened space charge region and built-in field. 45 The asymmetric tunneling conductance (dI/dV) calculated from the I-V curves show different levels for the opposite polarization fields of PZT (see Supplementary Figure 8d ) may be induced by the modified interfacial barrier height.
To further study the dependence of the TMR effect on the ferroelectric polarization of PZT, the resistance curves as a function of magnetic field (R−H) were measured by applying an in-plane magnetic field parallel to the substrate [110] direction and using a pulse bias of -100 mV/100 ms at 60 K, as shown Figure 4b . Before that, the ferroelectric polarization of the PZT barrier layer was pre-written with ± 5 V pulse voltages respectively. Typical four distinct resistive states are realized with the different ferroelectric polarizations. We define the TER and TMR ratios by Equation (1) and (2) respectively. ,
where Rup and Rdown denote the resistances for the upward and downward ferroelectric polarizations of PZT, respectively.
where RAP and RP denote the resistances in the anti-parallel and parallel magnetization configuration respectively. In Figure 4b , while the reading bias is -100mV, the TMR ratios are ~47 % (TMRup) and ~12 % (TMRdown) for the upward and downward ferroelectric polarizations of PZT, respectively. The TER ratio is ~110 %. The interfacial spin polarization can be modified by the reversible ferroelectric polarization of PZT, which is the origin of the different TMR ratios. Figure 5b ). Unlike the ferroelectric diodes, our asymmetric junctions can work without pre-writing to achieve ON and OFF resistive states, which brings about lower energy consumption and simpler circuit structure. Meanwhile, every asymmetric junction as a memory cell can store a quaternary message, and two group of quaternary bits can be stored and read with different bias polarity (see Figure 5b ). Considering the independent physical origins of the unidirectional conductivity (due to p-i-n diode effect) and the multiple resistive states (from TMR and TER), the stored information will not be overwritten when the logical operation is performed under the appropriate bias voltages. The coexistence of logic units and quaternary memory cells in the same array devices can help to significantly increase the integration level of spintronic devices.
Discussion
To further understand the different tunneling effects (including TMR and TER)
under opposite reading bias, some possible conduction mechanisms (for example, space-charge limited current (SCLC) and Ohmic conduction) [48] [49] [50] and Brinkman tunneling model 51 have been used to fit the I-V curves and tunneling conductance.
Taking the fitting results under Pup state for example, as shown in Figure 6 , the conducting behavior during the whole negative bias region and low positive bias region ( 100 mV) can fit well with the SCLC mechanism (I∝V 2 ) due to the interfacial space charge region and built-in field. 48 The current behavior in high positive bias region ( 100 mV) is associated with the Ohmic conduction (I∝V) due to the diffusion and injection of major carriers, 49, 52 which can weaken the spin-dependent tunneling and interfacial magnetoelectric coupling. The conducting behavior under Pdown state exhibits similar fitting results (see Supplementary Figure 9 ).
As shown in Figure 6d , the asymmetry of normalized tunneling conductance 
G(V)/G(0)
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